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We applied a micro-cDNA-based subtraction method to identify genes expressed in the regenerating sensory epithelia (SE) of the chicken inner
ear. Sensory hair cells in the avian utricle SE are in a constant state of turnover, where dying hair cells are replaced by new ones derived from
supporting cells. In contrast, hair cells in the cochlea remain quiescent unless damaged. We used this difference to enrich for utricle-specific genes,
using reiterative cDNA subtraction and demonstrate enrichment for utricle-specific sequences. A total of 1710 cDNA sequence reads revealed the
presence of many cDNAs encoding known structural components of the SE (for example, Harmonin and beta-tectorin), proteins involved in
cellular proliferation, such as P311, HIPK2, and SPALT1, among many others of unknown function. These libraries are the first of their kind and
should prove useful for the discovery of candidate genes for hearing disorders, regenerative and apoptotic pathways, and novel chicken ESTs.
© 2006 Elsevier Inc. All rights reserved.Keywords: Hair cells; Regeneration; Library subtractionIntroduction
For almost two decades the avian inner ear has been a
valuable model system in the study of inner ear biology. This is
due, in part, to the remarkable observation that the avian inner
ear can regenerate sensory hair cells following acoustic trauma
or ototoxic insult [1–5]. By contrast, the mammalian ear lacks
this regenerative capacity and the resulting loss of hair cells is a
major cause of human hearing and balance disorders. The two
classes of sensory organs in the avian ear also exhibit
significantly different patterns of cellular dynamics. In parti-
cular, epithelial cells in the avian vestibular organs (which
detect head position and movement) are in a constant state of
programmed cell death and regenerative proliferation [6]. In
contrast, cells in the undamaged avian cochlea (as in mammals)Abbreviations: ESTs, expressed sequence tags; PCR, polymerase chain
reaction; NCBI, national center for biotechnology information; SE, sensory
epithelia.
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doi:10.1016/j.ygeno.2005.12.014are long-lived and quiescent [7]. After damage, both the avian
cochlea and vestibular organs can regenerate sensory hair cell,
via the evoked proliferation of epithelial supporting cells [8–
11]. Since the mammalian cochlea lacks the ability to regenerate
hair cells [12] and the mammalian vestibular organs possess a
very limited regenerative capacity [13,14], it is clearly of great
interest to understand the cellular mechanisms of this repair
process in the avian ear.
In the current study, we have constructed four cDNA libraries
from pure microdissected sensory epithelia of the chicken inner
ear and have used these as a source of new Expressed Sequence
Tags (ESTs). The first two of these libraries were separately
derived from utricle SE and cochlea SE [15] and were used in a
series of cDNA subtractions to enrich for utricle-specific
cDNAs. Although cochlear and utricle hair cells serve different
functions, they appear to be similar in both their structure and
their development [16]. Thus, the normally quiescent cochlear
SE could provide a representation of the “resting” epithelial
state, while the utricle SE represents the regenerative or
“turnover” state. To enrich for cDNAs that might be involved
in hair cell turnover, we derived two subtracted utricle SE
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remove “resting” state commonalities. In this report we evaluate
the efficiency and quality of these libraries and derive DNA
sequences from 1002 clones from the primary subtraction and a
further 708 clones from the reiteratively subtracted library.
These subtracted cDNA libraries should be useful as discovery
tools for genes and pathways involved in regeneration and
apoptotic events in the vertebrate inner ear.
Results
Sensory epithelia cDNA libraries
Inner ear sensory epithelia were enzymatically isolated from
associated stromal and connective tissue (e.g., [17]) and were
then used to construct cDNA libraries. Due to the small number
of cells per sample (∼20,000 per epithelia), four isolated
epithelia were pooled and a micro-cDNA amplification scheme
was used to derive sufficient material for library construction
[15]. This methodology incorporates modifications to the
SMART (or Super SMART) PCR cDNA Synthesis system
(BD/Clontech) and uses a limited number of PCR cycles. Two
primary modifications were implemented in this scheme. The
first involved isolating the mRNA using oligo(dT) paramag-
netic beads and constructing the first-strand cDNA attached to
the beads. This allows one to return to the bead-captured cDNA,
if necessary, for additional cycles of amplification. The second
modification was to add (CAU)4/(CUA)4 linkers for ligation-
independent cloning into the pAMP1 vector. These linkers were
added via PCR, bringing the total number of amplification
cycles to 15 for the entire cloning scheme. Each cDNA library
contained 1 × 106 recombinant clones with an average insert
length of 800 bp. Both of these libraries (and the subtracted
libraries described below) have been deposited with the ATCC
and are available to other investigators.
cDNA subtraction
To enrich for utricle-specific cDNAs, we developed a
subtraction methodology that makes use of our two previously
constructed libraries (Fig. 1). The tester library (utricle) was
converted to single-stranded DNAs (ssDNAs) by infection with
m13 helper phage. The single-stranded population was assessed
for double-stranded DNA contamination before proceeding,
since these contaminants transform with high efficiencies in the
final steps of this scheme. Double-stranded DNAwas removed
by treating intact phage, harboring ssDNA, with DNase before
ssDNA isolation from the phage capsids [18]. Plasmid DNA
was isolated from the driver population (cochlea) and linearized
to ensure that this population would not result in transformants
in the final steps of creating the subtracted library. Once the
driver library was linearized, cDNA inserts were amplified
using nested primers from the original micro-cDNA amplifica-
tion to create a population of driver cDNAs. Biotinylated dUTP
was incorporated into the driver amplicons during this step. The
tester ssDNAs, biotinylated driver cDNA, and blocking
oligonucleotides were combined and hybridized to a Cot of30. Blocking oligos were necessary due to the common primer/
linker sequences in each clone from the micro-cDNA
amplification method. After hybridization, the mixture was
combined with streptavidin-coated paramagnetic beads to
remove the driver cDNAs and tester:driver hybrids. The
supernatant, containing the putatively enriched tester popula-
tion, was partially repaired to dsDNAs, which were transformed
into host cells to construct the primary subtracted library (a total
of 5 × 105 recombinant clones).
Before transforming the putative subtracted material, we
conducted a qualitative assessment of depletion, from the
subtraction, of a relatively abundant cDNA. This was accom-
plished by first recovering the tester cDNAs that had been
removed by the driver and bound to the beads (see Materials and
methods). This population of molecules was PCR-amplified
using vector (m13) PCR primers. It should be noted that this set
of priming sites was not present in the driver population of
cDNAs. We also PCR-amplified an aliquot of the supernatant
population (the subtracted cDNAs). Equal amounts of these PCR
products were electrophoresed and blotted (Fig. 2). This blot was
then hybridized with a probe to the relatively abundant chicken
cDNA forGAPDH. As is shown in Fig. 2, this test demonstrated
a significant depletion of GAPDH in the subtracted utricle
cDNAs and the library was therefore constructed from this
material. The two starting libraries and the primary subtraction
library were subsequently screened by colony lift hybridization
with a GAPDH probe to quantitatively measure the depletion of
this gene. The data from this are shown in Table 1. By this assay
GAPDH was reduced 2.5-fold in the primary subtraction
compared to the starting utricle library. A set of 1152 clones
were picked at random from the primary subtraction library and
these were processed for automated DNA sequencing. A total of
1002 clones produced “good” reads with sufficient sequence
length and quality for further sequence analysis.
Reiterative subtraction
To increase the discovery rate of novel ESTs within the
subtraction, the original 1152 sequenced clones from the
primary subtraction were employed as a driver population in a
secondary round of subtraction, against the primary subtraction.
The rationale here was that the initial set of 1152 randomly
picked clones probably contains many cDNAs that exist at high
abundance in the primary subtraction. We reasoned that using
these clones as a driver in a reiterative round should reduce their
presence in the reiterative library and thus increase the chances
of randomly picking lower abundance cDNAs genes. Therefore,
an additional round of subtraction was conducted and a total of
1152 clones were randomly picked and DNA-sequenced from
this reiterative subtraction library.
Clones from all four libraries (the two starting libraries, the
primary subtraction, and the reiterative subtraction) were tested,
by colony screening and hybridization, for the enrichment of
three genes (Table 2). The three genes (Myak-S, Annexin V, and
EGR1) were chosen as probes because they were detected in the
set of 1152 clones in the reiterative subtraction's initial
sequencing runs. All three of these genes were not detectably
Fig. 1. Library subtraction scheme. The diagram shows how each library was converted to the necessary components for subtraction, the enriched clones were isolated,
and the subtracted library was constructed.
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was only detectable in the reiterative subtracted library. Annexin
V was enriched by 2-fold in the primary subtraction and by an
additional 8-fold in the reiterative subtraction. EGR1 did not
vary between the starting and the primary libraries, but was
enriched by almost 3-fold in the reiterative library.
DNA sequence analysis
To analyze the sequenced clones from the primary and
reiterative subtraction, they were BLASTed against various
databases to assess whether they were clear orthologs or
paralogs of known genes (see Materials and methods). To
determine how many known chicken genes and ESTs weresequenced, the clones were BLASTed against the TIGR Gallus
gallus index, BBSRC chicken finished cDNAs (University of
Delaware), and the NCBI chicken EST database. Many chicken
genes have yet to be fully annotated. Therefore, the clones were
also BLASTed against the Human Unigene Build 175 to
identify, where possible, the human orthologs. (Sequence
information can be found as Supplemental Material at http://
www.hg.wustl.edu/lovett/Gg_utr/).
Following removal of poor sequence reads and removal of
concatameric clones, 1002 clones composed the primary
subtraction sequence set. Clones with overlapping sequence
identity from each library were grouped into contigs. In this way,
487 clones were distributed across 108 contigs, and the
remaining 515 were singlets (meaning that they did not align
Fig. 2. GAPDH distribution. After binding the subtraction to the beads, the
supernatant was removed containing the enriched tester. The beads were then
boiled to remove the subtracted tester. Each of these served as templates to
amplify inserts by PCR. (A) Shows an ethidium bromide-stained gel of equal
amounts of amplicons after electrophoresis on a 1% agarose gel. This was
Southern-blotted and the blot was hybridized with a radiolabeled probe to




Library Myak-S Annexin V EGR1
Cochlea SE 0 0 0
Utricle SE 0 1 4
Primary subtraction 0 2 4
Reiterative subtraction 2 16 11
Occurence of genes per 5000 cfu as detected by colony hybridizations.
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clones from the reiterative library subtraction yielded fewer
clones with good sequence reads; 708 in total. Of these clones,
555 grouped into 127 contigs, and the remaining 153 were
singlets (these contigs can be viewed at http://www.hg.wustl.
edu/lovett/Gg_utr/). As noted above, these clones were
BLASTed against four databases to determine if the clone or
contig was either novel or previously annotated. The criteria for
chicken databases sequence searches was 90% sequence identity
across a minimum of 80 bp with a probability cutoff of 1e-07.
For human database sequence searches the criteria were 70%
identity within 80 bp and a cutoff of 1e-05.
The Venn diagrams shown in Fig. 3 illustrate how much
information each database provided about the identity of these
sequences (Fig. 3). The numbers in the figure represent singlets
and contigs. Thus, if several clones overlapped with a gene or an
anonymous contig, they were all considered one entity in the
Venn diagram (Fig. 3). Only one clone from the primary library
was uniquely found in the Delaware database, and one clone
from each library was uniquely found in the human Unigene
database, whereas the TIGR database provided the highestTable 1
GAPDH distribution
Library GAPDH colonies per 50,000 cfu
Cochlea sensory epithelia (driver) 100
Utricle sensory epithelia (tester) 75
Primary subtraction (Utricle) 30
GAPDH was not screened in the reiterative library because it was not in the
driver population of clones.number of alignments specific to one database. However, the
human database proved useful in this comparison since many
chicken ESTs are only annotated as an “EST”, whereas human
BLAST comparisons provided an orthologous gene name (all
annotations are available at http://www.hg.wustl.edu/lovett/
Gg_utr/). The majority of sequence alignments were detected
in the Gallus gallus databases from TIGR and NCBI. In
addition, a comparison was made between the two libraries by
BLASTing the two sets of sequences against each other. ThisFig. 3. Database Venn diagrams. The majority of genes and ESTs identified were
found in the TIGR and NCBI databases. In a four-way comparison some
commonalities cannot be shown and these are therefore shown to each side of
the main diagram.
Fig. 4. Comparison of libraries for unique sequences. The Venn diagram
illustrates the number of singlets and contigs unique to each library, as well as the
overlap.
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subtraction (Fig. 4).
DNA sequences that did not have a significant alignment in
the four databases were considered to be novel chicken ESTs.
From the primary library there were 210 of these sequences
versus 22 in the reiterative round. These were compared (by
BLATalignment, [19]) with the chicken genomic sequence [20].
Of these, 158 showed significant alignments to the genome and
31 were parts of computationally predicted transcription units.
The remaining 127 fell into as yet unannotated regions of the
genome. Overall, 74 of our DNA sequences did not align with
the available chicken genomic DNA sequence. This represents
10.9% of the total (74 out of 676 contigs). Given that the chicken
genomic DNA sequence is only ∼90% complete (i.e., it is still
missing ∼10%), it is likely that most, if not all, of these are
derived from elsewhere in the genome.
Depletion and enrichment
A central issue in any library subtraction is the degree to
which common sequences are depleted and specific sequences
are enriched within the subtracted library. Estimates of theseTable 3
Validation of enrichments by semiquantitative library PCR
Reiterative subtraction ID Database ID
caa11h03 Hs. Unigene: gnl|UG|Hs#S172669
NCBI G. gallus: gb|BU134263.1|
TIGR G. gallus: CF384839
caa12e05 TIGR G. gallus: CF384888
caa08e10 NCBI G. gallus: gb|BU481878.1|
TIGR G. gallus: TC138210
caa08a11 TIGR G. gallus: CF620494
contig65
contig109 NCBI G. gallus: gb|BU399174.1|
TIGR G. gallus: TC100654
caa06f04** TIGR G. gallus: CF620398
contig88** NCBI G. gallus: emb|AL584597.1
TIGR G. gallus: TC108971
A list of clones enriched in the reiterative subtraction as indicated by PCR from each
marked with ** were present in the cochlear SE library, but at a low abundance. All ot
in the other three libraries.can be determined from our sequence analysis. The most
abundant gene sequenced in the primary subtraction was
ribosomal protein S3a (6.8% of sequenced clones). This was
reduced to 3.2% of sequences in the reiterative subtraction.
Likewise, another abundant cDNA, cytochrome c oxidase
subunit I, was reduced from 2% in the primary library to
0.4% of reads in the reiterative library. One example of a
cDNA that is specifically enriched in the reiterative library is
Annexin V (shown in Table 2). This cDNA was verified (by
PCR, data not shown) to be present in the reiterative library
and undetectable in the cochlea library. A PCR-based screen
of seven additional cDNAs through the cochlear, utricle,
primary, and reiterative libraries revealed that these genes
were also either undetectable, or very low in abundance, in
the cochlear library relative to the utricle library and were
enriched in the reiterative library (Table 3).
Discussion
Our primary interest in building the resources described in
this report was to identify genes that may play a role in the
turnover of utricle hair cells. Subtractions of the type we
conducted in this study might also identify genes that are
specific to utricle hair cells and supporting cells, since these
cells are not identical to their cochlear counterparts. However,
these subtractions would probably not identify genes that might
be inhibiting mammalian hair cell regeneration. An alternative
strategy to identify regenerative (and possibly very transient)
transcriptional changes would be to measure gene expression
changes during a time course of hair cell regeneration. We are
separately pursuing this type of strategy. Despite these caveats,
the current study and the resources we have generated do
provide a snap shot of the differences between two very
important sensory epithelia. A full list of the genes we identified
within the sequenced cDNAs from the primary and reiterative
subtraction can be found on our website (http://www.hg.wustl.
edu/lovett/Gg_utr/). Among these are several of particular
interest that identify some necessary components of functional
hair cell regeneration. The first is P311, which has been shownAdditional annotation
9 Eukaryotic translation initiation factor 5, EIF5
CSEQCHL22 G. gallus cDNA clone ChEST82l3
CSEQRBN22 G. gallus cDNA clone ChEST830m15
CSEQCHN58 G. gallus cDNA clone ChEST498m5
CHICK Annexin A5, Annexin V, ANX5
|
CSEQCHN58 G. gallus cDNA clone ChEST498m5
library (cochlea, utricle, primary subtracted, and reiterative subtracted). Clones
hers were undetectable (by 25 cycles of PCR) in the cochlea SE, but were present
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increase proliferation and upregulate key signaling factors such
as fibroblast growth factor 2 and platelet-derived growth factor
(PDGF), and PDGF receptors [22]. A second identified gene
that also plays a role in neuronal growth and survival is
homeodomain interacting protein kinase 2 (HIPK2), which in
mice interacts with Brn3a [23]. Previously, HIPK2 has been
found to be expressed in the retina, muscle, and neural tissues
[24], and now utricle SE cells can be added to that list.
As hair cells are regenerated, it is important that proper
alignment and patterning be maintained. Establishing these
various orientations appears to involve planar cell polarity
(PCP) [25]. This process has primarily been studied in cochlear
hair cells using mouse deafness mutants that harbor mutations
in PCP genes [26,27]. Little is known about the timing and
maintenance of PCP gene and protein expression. This will be
important to understand, since stereociliary bundles do not
become fully oriented until just before the onset of hearing [28].
In this context it is interesting that the SPALT1 gene is among
our set of identified genes. This gene has been shown to play a
role in cell fate determination, and pattern formation. In other
tissues it is controlled by FGF and Wnt signaling [29]. The role
of PCP signaling in hair cell regeneration remains unclear and
has only recently begun to be explored in the developing chick
inner ear [30]. However, it is clear that Wnt signaling is also a
key aspect of PCP [28].
To regenerate hair cells, supporting cells have to reenter the
cell cycle. Several genes involved in this process are within our
identified gene set, including cyclinA, p21, and an EST similar
to CDC27. Interestingly, we also identified two members of the
14-3-3 gene family (KCIP-1 and 14-3-3 tau/theta). This gene
family relates mitogenic signals through Rafs and CDCs [31].
14-3-3 tau/theta appears to be part of a complex that targets
p27kip for degradation once p27kip has been phosphorylated by
Akt [32]. This is interesting and relevant because the cell cycle
kinase inhibitor, p27kip, establishes when cells in the developing
sensory epithelia of the mouse cochlea stop proliferating and
start differentiating into hair cells [33]. Degradation of p27kip
(which is usually expressed in supporting cells) might be one
expected step in the proliferative cycle of utricle supporting
cells and would define a key difference between the quiescent
hair cells of mammals and regenerative hair cells of avians.
One gene that did not appear in our sequenced set of cDNAs
that is known to be differentially expressed between the cochlea
and the utricle is Delta1. This gene encodes a Notch ligand and has
been shown to be upregulated in regenerating hair cells of both
organs, but is absent in the quiescent cochlea [34]. Here we have
sampled only a small number of clones from the utricle
transcriptome, which likely accounts for this discrepancy.
(However, semiquantitative PCR results indicate that the expres-
sion of this gene coincides with previous studies [data not shown]).
While Delta 1 was not detected in our small sampling, another
Notch ligand (Jagged 1) was among our sequenced clones.
Several genes encoding important structural proteins were
also detected within our sequenced set of cDNAs. These
include; Microtuble-associated protein 1, Harmonin b3,
Annexin V, Actin-like protein 2, Filamin, beta-tectorin,Troponin I, and Tubulin gamma complex associated protein 3.
Structural elements of the hair cell bundles are essential for
proper functioning of the hair cells in both the vestibular organs
and the cochlea. Many of the hereditary deafness and balance
disorder genes identified to date encode these types of proteins
(for a complete list of human deafness genes see the Hereditary
Hearing Loss Homepage: http://www.webhost.ua.ac.be/hhh/).
The two subtracted cDNA libraries we describe in this report
are the first of their kind. To place these resources in context, at
present, dbEST contains approximately 500,000 Gallus gallus
ESTs (http://www.ncbi.nlm.nih.gov/dbEST), but none of these
(apart from those deposited by our group as part of this study)
have specifically been derived from the inner ear. Even when
the much larger Mus musculusEST set (4,334,174 in total) is
considered, only 33,405 have been derived from the inner ear
(and in all cases these were derived from complete dissected
organs, such as the cochlea, rather than from pure sensory
epithelia, as in this study). Thus the two libraries we describe
here (and the two starting libraries that were used in their
derivation) should prove to be valuable reagents for further
large-scale EST discovery projects focused upon inner ear
function, hair cell regeneration, and the identification of
candidate deafness/balance disorder loci.
Materials and methods
Tester preparation
The construction of avian utricle and cochlea sensory epithelia libraries has
been described previously [15], and a detailed methodology can be found at
http://www.genome.wustl.edu/GSCGAP/. Our subtractive cDNA scheme is
shown diagrammatically in Fig. 1. Single-stranded plasmid DNAwas generated
from the utricle library (tester) by first inoculating 2 ml LB-Amp (50 μg/ml) from
a frozen glycerol stock of the utricle SE library to an OD 600 = 0.3 and incubated
at 37°Cwith shaking for 1.5 h. Then 75 μl ofM13K07Helper Phage (Invitrogen)
was added at a titer of 1 × 1011 pfu/ml and the incubation was continued at 37°C
for 1 h. Kanamycin was then added to a final concentration of 75 μg/ml and
incubation was continued for an additional 2–3 h. To isolate ssDNA, the culture
was spun for 15 min at 5000 rpm in a microfuge. The supernatant was transferred
to a clean tube and 40,000 U DNase I, RNase-free (Roche) was added. This was
incubated for 45 min at 37°C [18]. Isolation of ssDNA was continued using a
Qiagen M13 kit as per the manufacturer's instructions.
Avoiding dsDNA contamination
The ssDNA comprises the (–) strand of m13. A critical step in our
subtraction scheme is the removal of any double-stranded circular DNAs
because these will transform at a high efficiency in the later stages of the
protocol. Therefore, the isolated ssDNAwas checked for dsDNA contamination
by screening with a 32P-labeled oligonucleotide probe that is complementary to
the (+) strand. Isolated ssDNA (5 μl), was electrophoresed on an agarose gel,
Southern-blotted to a Hybond membrane, and hybridized with the radiolabeled
(–) strand oligo, 5′ PCR primer (5′-CATGCTAATACGACTCACTATAG-3′).
Only isolated ssDNA that showed no detectable contamination by this method
was used in the subtraction.
Driver preparation
Plasmid DNA was isolated from the cochlear library following a Qiagen
mini-prep protocol. The DNAwas digested with SalI and gel-purified to remove
circular plasmid contamination before using 100 ng as a template in the PCR to
generate driver. The driver population was amplified by incorporating biotin-16-
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(5′-AGTGGTAACAACGCAGAGTAC-3′) and 5′ PCR primer (5′-CATGC-
TAATACGACTCACTATAG-3′). Pooled reactions were passed over a Sepha-
dex-G50 spun column to remove unincorporated dNTPs. Incorporation of biotin
was monitored by checking for binding to streptavidin-coated paramagnetic
beads (Dynal) by simultaneously setting up a labeling reaction with both biotin
and 32P-labeled dNTP (see [35]).
Subtractive hybridization
Subtractions were hybridized to a Cot value of 30 using the following
conditions: 100 ng single-stranded tester DNA, 3 μg driver, 10 μg each of
three blocking oligos (3′ blocking oligo, 5′-AGTGGTAACAACGCAGAG-
TAC-3′; 5′ blocking oligo, 5′-CCCTATAGTGAGTCGTATTAGCATG-3′; and
oligo dT15). The amount of 3.6 μl of deionized formamide was added, and
the final volume adjusted to 10.8 μl with ddH2O. The reaction was overlaid
with 20 μl mineral oil to prevent evaporation. The reaction was denatured at
95°C and slowly cooled to 45°C. Once at 45°C, 1.2 μl of 10× hybridization
buffer (1.2 M NaCl, 0.1 M Tris [pH 8.0], 50 mM EDTA; as in method 4 of
[36]) was added under the mineral oil and incubation was continued at 45°C
for 26 h.
Tester isolation after hybridization
After the hybridization was completed, the reaction was removed from
below the mineral oil, brought up to a volume of 100 μl with ddH20, and
desalted over a Sephadex-G50 spun column. To capture hybridized tester:driver
cDNAs, the reaction was divided between three 125-μl aliquots of washed
Dynal beads and resuspended in an equal volume of binding buffer. After
binding for 1 h with periodic mixing, beads were captured with a magnet and the
supernatant was removed and saved (this contained the unbound ssDNA from
the tester population).
Measurements of subtraction efficiency
To determine subtraction efficiency, the subtracted tester was isolated from
the biotinylated driver. The beads were washed two times with 200 μl of
TEN1000 (10 mM Tris, pH 7.5, 1 mM EDTA, 1.0 M NaCl), pooled in 100 μl
ddH2O, and then boiled at 100°C for 5 min to elute the bound tester population.
Tubes were quick chilled on ice and the eluant was removed. The eluant contains
the tester ssDNAs that hybridized to the common driver amplicons. PCR was set
up from both the supernatant and the eluant, using M13 forward and reverse
primers. These prime from the vector only and have no priming sites in the
driver PCR products. This ensured that only the utricle tester library inserts were
amplified. A Southern blot of equal amounts of PCR products from both the
supernatant and the eluant was prepared, and this was probed with a radiolabeled
probe for chicken GAPDH (Fig. 2).
Partial repair of ssDNA
The supernatant volume was reduced to 10 μl for the repair reaction. Single-
stranded DNA from the subtraction was repaired by primer extension in a total
volume of 30 μl. The reaction contained the following: 5 U Advantage Taq
(Clonetech) and 0.33 μM 3′ blocking oligo, using PCR conditions of 2 min at
85°C, 1 min at 72°C, 1 min 30 s at 68°C, 1 min 30 s at 52°C, 45 min at 68°C. For
the primary subtraction, approximately 5 × 105 independent colonies were
generated by transformation into UltraMax DH5∝-FT competent cells
(Invitrogen). The tester, driver, and primary subtraction libraries were screened
for the presence of GAPDH by colony lifts [37] to quantitatively measure
subtraction efficiency (Table 1).
Reiterative subtraction
A total of 1152 clones (12 × 96-well plates) were picked from the primary
subtraction. Plasmid DNA was isolated for sequencing by the Washington
University Genome Sequencing Center. This same set of 1152 clones was
pooled (10 μl each, followed by plasmid isolation as above) and used as thedriver in a reiterative subtraction. This number of clones is similar to the number
used by Bonaldo et al. [36] in a similar and successful reiterative strategy. The
tester cDNAs were ssDNA isolated from the primary subtraction library.
Subtractive conditions were as described above utilizing the same ratio of tester
to driver. After repair, 3 × 105 transformants were generated. All four libraries
were then colony screened with a set of three genes to measure enrichment/
subtraction in the reiterative subtraction (Table 2).
DNA sequence analysis
DNA sequences from both the primary and the reiterative subtraction
libraries were trimmed of linker and pAMP1 vector sequences using the
program Repeatmasker (from Arian Smit, Institute of Systems Biology, Seattle,
WA). The trimmed sequences were processed into contigs using PHRAP (from
Phil Green, University of Washington). The resulting contigs and singlets from
each library were then used in BLASTN runs against several EST and gene
databases (using WU-BLAST, from Warren Gish, Department of Genetics,
Washington University School of Medicine). The queried databases included the
following: (1) Human Unigene Build 175 (54,560 unique sequences; ftp://ftp.
ncbi.nlm.nih.gov/repository/UniGene/); (2) BBSRC chicken finished cDNAs
(July 2004, 19,626 sequences; http://www.chickest.udel.edu/); (3) NCBI
chicken ESTs (492,640 G. gallus sequences extracted from NCBI's Oct. 2004
file est_other.gz source: ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/); (4) TIGR
GgGI (G. gallus gene index), release 7 (May 2004, 118,873 sequences; source:
http://www.tigr.org/tdb/tgi). Sequences from the two constructed libraries also
were BLASTed against each other, in both pre- and post-PHRAP forms.
Our reiterative subtraction library sequences were contributed to NCBI
dbEST in 2003, and are readily identifiable by their clone names in NCBI
fasta-format sequence headers. We removed those EST entries during the
construction of the NCBI chicken-specific database to BLAST our libraries
against all other NCBI chicken EST contributions. It was not possible to
remove the reiterative library sequences from either BBSRC or TIGR
databases through clone names. These two databases may include the
reiterative library sequences.
Perl programs were written to compare and to summarize BLAST
results for each library. Qualifying hits were those reported with at least
80 bases of homology, 90% identity, and a P value less than or equal to
e−8, except for the human BLAST database, where we accepted identities
down to 70%.
In each library we discovered a few cases where more than one sequence had
not been combined by PHRAP into a contig but were homologous to the same
BLAST database sequence(s). Our BLAST-comparison program was modified
to cluster these cases together for a more accurate count of the number of genes
represented by the libraries. We used the TIGR BLAST result for primary
clustering because there were more library hits with this database. We derived
both forward and reverse sequence reads for many of the primary library clones,
and where there were no BLAST hits for these in either direction, these two
reads were clustered in the final table.Acknowledgment
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